
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, July 1995, p. 2702–2706 Vol. 61, No. 7
0099-2240/95/$04.0010
Copyright q 1995, American Society for Microbiology

Amplification of the amoA Gene from Diverse Species of
Ammonium-Oxidizing Bacteria and from an Indigenous

Bacterial Population from Seawater†
CHRISTOPHER D. SINIGALLIANO,1,2 DAVID N. KUHN,2 AND RONALD D. JONES1,2*

Southeast Environmental Research Program,1 and Department of Biological Sciences,2

Florida International University, Miami, Florida 33199

Received 5 December 1994/Accepted 5 May 1995

Because the chemolithotrophic ammonium-oxidizing bacteria are an integral component of nitrogen bio-
geochemistry, a sensitive and accurate method to detect this ecologically important group of microorganisms
is needed. The amoA gene of these organisms encodes the active site of ammonia monooxygenase, an enzyme
unique to this group of nitrifying bacteria. We report here the use of the PCR technique to detect the amoA gene
from pure cultures of chemolithotrophic ammonium-oxidizing bacteria, ammonium oxidizers introduced into
filtered seawater, and the natural bacterial population of an unfiltered seawater sample. Oligonucleotide
primers, based on the published amoA sequence from Nitrosomonas europaea, were used to amplify DNA from
pure cultures of Nitrosomonas europaea, Nitrosomonas cryotolerans, and Nitrosococcus oceanus and from bacteria
in seawater collected offshore near the Florida Keys. Partial sequencing of the amplification products verified
that they were amoA. These primers, used in conjunction with a radiolabeled amoA gene probe from Nitro-
somonas europaea, could detect Nitrosococcus oceanus inoculated into filter-sterilized seawater at 104 cells
liter21. Native marine bacteria containing amoA could also be detected at their naturally occurring titer in
oligotrophic seawater. Amplification of the gene for ammonia monooxygenase may provide a method to
estimate the distribution and relative abundance of chemolithotrophic ammonium-oxidizing bacteria in the
environment.

The chemolithotrophic ammonium-oxidizing bacteria carry
out an essential step in the process of nitrification, oxidizing
ammonia to nitrite through the intermediate hydroxylamine
(38). These microorganisms are an integral component of ni-
trogen cycling in natural waters, but they are also involved in
the cycling of methane and carbon monoxide (9, 11, 12), may
contribute to the global cycling of trace gases such as nitrous
oxide and nitric oxide (5, 16, 34), degrade numerous organic
compounds (8), and are thought to contribute to the subsur-
face primary nitrite maximum found throughout large regions
of the oceans (22, 23). Chemolithotrophic ammonium-oxidiz-
ing bacteria grow extremely slowly and may occur in low num-
bers in natural waters. This makes them difficult to detect in
environmental samples by traditional methods such as most-
probable-number estimates, viable titer estimates, and direct
counting (33). Such traditional methods have indicated con-
centrations of only a few cells per liter in ocean waters (35).
Fluorescent-antibody assays for the direct detection of Nitro-
somonas and Nitrosococcus species have indicated that the
numbers of these species are much higher than previously
measured, in the range of 104 cells liter21 (31, 32). A method
of greater sensitivity capable of detecting all chemolithotrophic
ammonium-oxidizing bacteria is still needed to estimate am-
monia-oxidizing potential in environmental samples.
The PCR technique has been used to detect specific species,

as well as groups of microorganisms, in a variety of environmental

samples at concentrations previously considered undetectable
(1, 24–26). One characteristic unique to the chemolithotrophic
ammonium-oxidizing bacteria (3, 18) is the enzyme ammonia
monooxygenase (AMO), which oxidizes ammonia to the inter-
mediate hydroxylamine (38). Although AMO can oxidize a
variety of substrates, these microorganisms can only acquire
energy from the oxidation of ammonia (4, 7). This makes the
gene for AMO a promising function-specific target sequence to
detect ammonium-oxidizing bacteria in environmental samples
by PCR. A polypeptide containing the active site of this unique
monooxygenase has been purified from Nitrosomonas euro-
paea, and its associated gene sequence (amoA; GenBank ac-
cession no. L08050) has been determined (18).
In this report we describe the use of oligonucleotide primers,

targeting a 665-bp region of the published Nitrosomonas euro-
paea amoA sequence (18), to amplify by PCR a region of the
amoA gene from pure cultures of ammonium-oxidizing bacte-
ria. These cultures included two members of the beta subdivi-
sion of proteobacteria (27, 37), Nitrosomonas europaea, found
in soil and freshwater, and Nitrosomonas cryotolerans, a psych-
rotolerant ammonium-oxidizing species isolated from cold ma-
rine waters; and one member from the gamma subdivision (27,
36), Nitrosococcus oceanus, widely found throughout marine
waters. Other researchers have recently reported the use of
PCR to amplify a DNA fragment unique to Nitrosomonas
europaea (21) and to specifically amplify a 16S rRNA gene
sequence from ammonium-oxidizing bacteria (29). The work
reported here, however, is the first describing the use of PCR
primers to specifically amplify the functional gene encoding
AMO. We report here the design of primers for the amplifi-
cation of amoA, the identification of amoA amplified from
these pure cultures by both hybridization and partial sequenc-
ing, estimation of the sensitivity of this amoA detection for
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control samples, and the use of this method to detect amoA-
containing genomes in natural marine samples.

MATERIALS AND METHODS

Cultures. The ammonium-oxidizing bacteria Nitrosomonas europaea (ATCC
25978), Nitrosomonas cryotolerans (13), and Nitrosococcus oceanus (ATCC
19707) were grown in the dark in 4-liter chemostat culture units, as previously
described (10, 28).
DNA isolation and purification from pure cultures. Cells from 1-liter samples

of the continuous cultures described above were harvested by centrifugation,
washed twice, and resuspended in 30 ml of sterile 13 STE buffer (17). DNA was
isolated from these bacterial suspensions by using lysozyme, proteinase K, phe-
nol-chloroform extraction, and ethanol precipitation (17). DNA extracts were
further purified by CsCl ultracentrifugation, with CsCl added to a final refrac-
tivity of 1.39, for 48 h at 50,000 rpm in a Beckman L8-55M ultracentrifuge with
a Beckman Ti SW65 rotor. After dialysis, extraction, and precipitation, genomic
DNA concentration was determined by the A260 (17).
DNA isolation and purification from seawater. Seawater was collected in

8-liter polyethylene bottles (Nalgene) from oligotrophic surface waters near
Fowey Rocks in the Florida Keys (25835.4009N 80806.0009W) and filtered by
passage first through Whatman GF/F glass fiber filters and then through Gelman
Supor-200 membrane filters (0.2-mm pore size). Cells of Nitrosococcus oceanus
from continuous culture were harvested by centrifugation, washed, and resus-
pended in filtered seawater. The titer of the suspension was determined by direct
cell count, using a Petroff-Hausser counting chamber with a Zeiss phase-contrast
microscope. One-liter filter-sterilized seawater samples were inoculated with
Nitrosococcus oceanus at specific titers of 103, 104, 105, 107, and 109 cells liter21.
To extract total genomic DNA from the control inoculated seawater and from

unfiltered natural seawater, bacterial cells from the seawater samples were col-
lected by passage through Millipore HV membrane filters (0.45-mm pore size)
which were transferred to sterile 1.5-ml microcentrifuge tubes and stored frozen
at 2208C until further processing. DNA was extracted from these filters by using
the EnviroAmp Sample Preparation Kit (Perkin-Elmer-Roche) according to the
manufacturer’s directions, except that the lysis buffer contained 5% Chelex 100
(Bio-Rad). The resulting DNA extracts were passed through sterile membrane
filter (0.2-mm pore size) spin columns, further purified with the GeneClean II Kit
(Bio 101, La Jolla, Calif.), and ethanol precipitated. DNA pellets were resus-
pended in 50 ml of sterile distilled water, and 3 ml of 3% sterile bovine serum
albumin (heat shock fraction V; Promega) was added to each sample. Ten-
microliter portions of these DNA preparations were used in the PCRs.
PCR amplification and detection of amoA. Oligonucleotide primers targeting

the amoA gene were designed from the published Nitrosomonas europaea se-
quence (18) (GenBank accession no. L08050) with the aid of OSP, the Oligo-
nucleotide Selector Program (6), and synthesized with a PCR-Mate 391 DNA
synthesizer (Applied Biosystems):

AMO-F: 59-gggaattcAGAAATCCTGAAAGCGGC-39
(Tm 5 63.68C; G1C 5 50 mol%)

AMO-R: 59-ggggatccGATACGAACGCAGAGAAG-39
(Tm 5 66.78C; G1C 5 57 mol%)

Lowercase sequences represent linkers with restriction sites, EcoRI for AMO-F
and BamHI for AMO-R. AMO-F and AMO-R hybridize to nucleotide positions
269 to 286 and 917 to 934, respectively, of the published Nitrosomonas europaea
sequence, producing a 665-bp amplification product.
Ten-microliter portions of genomic DNA were amplified by PCR with a model

480 DNA thermal cycler (Perkin-Elmer). PCRs were carried out in 100-ml final
volumes with 10 ml of AmpliTaq 103 reaction buffer (Perkin-Elmer), 1 mM
(each) AMO-F and AMO-R primers, 1 mMMgCl2, 0.2 mM (each) deoxynucleo-
side triphosphates, and 2 U of AmpliTaq polymerase (Perkin-Elmer) per reac-
tion. Samples were denatured for 3 min at 958C and then with 30 cycles of the
following: 958C for 1 min, 508C for 30 s, and 728C for 30 s. This was followed by
a final extension at 728C for 10 min. Reamplification followed the procedure
described above except 1 ml of the previously amplified product was added for
the target DNA.
To verify that amplification signals were not due to contamination of buffers or

reagents with target DNA, a variety of negative PCR control samples were
tested. These negative controls included filter-sterilized uninoculated seawater
samples that were subjected to the same filtration, DNA extraction, and ampli-
fication procedures, sterile filters subjected to the same DNA extraction and
amplification procedures, and PCR mixtures that received no target DNA.
Amplification products were electrophoresed on 2% agarose gels, and

ethidium bromide-stained bands were digitally recorded with an SW-5000 video
gel documentation system (UVP, Inc.) and processed with the PhotoFinish
software package (ZSoft Corp.). For Southern blots, DNA was blotted from the
gels to Nytran nylon membranes by alkaline capillary transfer (17) and cross-
linked to the membranes with a Fisher Biotech FB-UVXL-1000 UV cross-linker.
An amoA gene probe was prepared by radiolabeling the gel-purified 665-bp
amoA amplification product from Nitrosomonas europaea with the Random
Primers DNA Labeling Kit (Gibco-BRL, Life Technologies, Inc., Gaithersburg,

Md.). Membranes were hybridized overnight at 658C in 7% sodium dodecyl
sulfate (SDS)–1 mM EDTA–0.263 M Na2HPO4–1% bovine serum albumin and
then washed twice for 30 min each time at 658C in 0.13 SSC (13 SSC is 0.15 M
NaCl plus 0.015 M sodium citrate) buffer (17) with 0.5% SDS. Membranes were
exposed to Kodak XAR-5 film, and the resulting autoradiograms were digitized
and processed with the SW-5000 gel documentation system (UVP, Inc.).
Partial sequencing of amplification products. PCR products were electropho-

resed on 3% low-melting-temperature agarose gels, and the 665-bp bands were
excised and purified with the Magic PCR-Preps kit (Promega, Madison, Wis.).
The AMO-F and AMO-R primers were end labeled with [g-32P]dATP and used
to partially sequence the gel-purified 665-bp PCR products with the Amplitaq
Cycle-Sequencing Kit (Perkin-Elmer).

RESULTS

Design of primers and amplification of amoA. Primers were
chosen to target the central portion of the amoA gene, encod-
ing the active site of the AMO complex. These primers were
chosen on the basis of the target product they amplified, phys-
ical characteristics such as G1C content (moles percent), sim-
ilar melting temperatures, and lack of internal or primer-
primer complementarity. Since chemolithotrophic ammonium
oxidizers are a diverse group of microorganisms, species iso-
lated from varied habitats representing both the beta and the
gamma subdivisions of the proteobacteria were tested. We
were uncertain of the ability of these primers to amplify amoA
from such different organisms, but Fig. 1a shows amplification
of CsCl-purified DNA from Nitrosomonas europaea, Nitroso-
coccus oceanus, and Nitrosomonas cryotolerans.

FIG. 1. Amplification with the AMO-F and AMO-R primers from pure
cultures of ammonium-oxidizing bacteria (a) and amoA hybridization with the
PCR products of these primers (b). (a) A 2% agarose gel stained with ethidium
bromide and digitally photographed under UV light with a charge-coupled de-
vice (CCD) video camera, using a 0.8-s integration. Lane 1 contains phage
fX174 DNA digested with HaeIII as a standard size marker. Lane 2 was loaded
with the amplification product from a negative PCR control mixture that re-
ceived no target DNA. Lanes 3, 4, and 5 were loaded with the amplification
products from Nitrosomonas europaea, Nitrosomonas cryotolerans, and Nitroso-
coccus oceanus, respectively. The arrow indicates the expected size of the amoA
amplification product based on the published amoA sequence for N. europaea
(18). (b) Autoradiogram from a Southern blot (24-h exposure) of the 2% agarose
gel shown in panel a. DNA was transferred to a nylon membrane by alkaline
capillary transfer and probed with the gel-purified and 32P-labeled 665-bp amoA
amplification product from N. europaea.
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Nitrosomonas europaea, the organism from which the prim-
ers were designed, showed only a single amplification product
of the expected size, 665 bp. Nitrosococcus oceanus and Nitro-
somonas cryotolerans also amplified DNA of 665 bp as well as
smaller products, which were reproducibly amplified indepen-
dently of the purification method of the DNA. Variations in
the banding patterns from these primers may prove to be
diagnostic for these specific microorganisms.
Identifying amoA by hybridization. Because multiple ampli-

fied products were produced from these primers, we attempted
to identify the sequences by hybridization with amoA. Only the
bands of the expected size hybridized with the amoA probe
(Fig. 1b), suggesting that the smaller amplified products were
from other regions of the genome.
Partial sequencing of amoA. Because we wanted to use the

amoA gene to identify and enumerate ammonium-oxidizing
bacteria and to corroborate the identification of our amplifi-
cation products as amoA, we sequenced portions of the 665-bp
amplified product after gel purification (Fig. 2). The sequences
from Nitrosomonas europaea, Nitrosococcus oceanus, and Ni-
trosomonas cryotolerans for the regions so far examined were
identical to the reported Nitrosomonas europaea amoA se-
quence. Thus, species-specific amoA primers cannot be de-
signed from our current sequence data.

Sensitivity of amoA detection from purified DNA. To deter-
mine how much amoA-containing DNA was required to give a
detectable signal by amplification and hybridization, CsCl-pu-
rified genomic DNA from Nitrosomonas europaea was tested
over a range of target concentrations (Fig. 3a). Some hybrid-
ization signal was detected from as little as 1 pg of target DNA
(lane 7). Assuming an average bacterial chromosome size of
about 4.7 3 106 bp, this would represent the DNA yield from
approximately 200 cells.
Sensitivity of amoA detection from cells inoculated into sea-

water. Because a future goal of this project is to utilize amoA
amplification and hybridization to detect and enumerate am-
monium oxidizers, the minimum titer of ammonium oxidizers
necessary for a detectable signal was investigated (Fig. 3b).
Known numbers of Nitrosococcus oceanus were added to sam-
ples of cell-free seawater, and DNA was extracted and ampli-
fied as described above. A hybridization signal could be de-
tected from the amplification products resulting from 20% of
the DNA extracted from filtered seawater inoculated with 104

cells liter21. This method could thus detect as few as 2,000 cells
from a seawater sample (lane 4). When 20% of the DNA
extracted from higher titers (107 and 109 cells liter21) was
tested, an amplification signal was not detected (Fig. 3b, lanes

FIG. 2. Partial sequencing of amoA amplification products from the AMO-F
and AMO-R primers. Multiple sequence alignments were produced with the
LINEUP and PRETTY programs (Genetics Computer Group software package,
provided via the Interdisciplinary Center for Biological Research Computing
Facility). AMOa Amp, expected sequence of the amplification product from
these primers based on the published Nitrosomonas europaea sequence (18);
Fowey Rock, partial sequence data determined for the 665-bp product amplified
from DNA isolated from the native bacterial population in 1 liter of seawater
collected near Fowey Rocks, Fla. Dots indicate matches with AMOa Amp,
mismatches are indicated by the letter of the base mismatch, and the letter n
represents an undetermined nucleotide at that position.

FIG. 3. Autoradiograms of a Southern blot (48-h exposure) showing the
amoA amplification and hybridization signal for a range of Nitrosomonas euro-
paea target DNA concentrations (a) and for DNA isolated from seawater sam-
ples with a range of known ammonium oxidizer titers (b). (a) PCR products were
run on 2% agarose, blotted to nylon, and then probed and washed as described
in the legend to Fig. 1b. Lane 1 contains phage fX174 DNA digested withHaeIII
as a standard size marker (not radioactively labeled). Lanes 2 to 7 show the
amoA hybridization signal from PCR mixtures receiving 100 ng, 10 ng, 1 ng, 100
pg, 10 pg, and 1 pg of CsCl-purified N. europaea DNA, respectively. This rep-
resents the theoretical DNA yield from approximately 2 3 107 (lane 2), 2 3 106

(lane 3), 2 3 105 (lane 4), 2 3 104 (lane 5), 2 3 103 (lane 6), and 2 3 102 (lane
7) cells. The PCR products in lanes 2 and 3 were diluted 1:100 before loading on
the gel, and those in lanes 4 and 5 were diluted 1:10. Controls (not shown)
consisting of PCR mixtures receiving no target DNA show no amplification or
hybridization. (b) Lanes 1 to 5 were loaded with the PCR products amplified
from 20% of the genomic DNA isolated from 1-liter samples of filtered seawater
inoculated with Nitrosococcus oceanus at titers of 109, 107, 105, 104, and 103 cells
liter21, respectively. This therefore represents the signal from 2 3 108 (lane 1),
2 3 106 (lane 2), 2 3 104 (lane 3), 2 3 103 (lane 4), and 2 3 102 (lane 5) cells.
Amplification controls (not shown) of DNA extractions from filtered uninocu-
lated seawater, a sterile filter, and a PCR mix with no target DNA added were
run on a separate gel. No amplification or hybridization was seen for any negative
control.
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1 and 2). Amplification was seen when 0.2% of the DNA
extracted from these titers was added to the PCRmixture (data
not shown).
Detection of amoA in natural seawater samples. To verify

that this method could detect naturally occurring bacteria con-
taining amoA, we tested the amoA amplification and hybrid-
ization signal from genomic DNA extracted from the native
bacterial population of 1 liter of oligotrophic seawater from
Fowey Rocks, Fla. (Fig. 4), which was expected to have a
relatively low titer (102 to 104 cells liter21) of chemolithotro-
phic ammonium oxidizers. PCR products seen in Fig. 4a (lane
2) were amplified from 20% of the total DNA isolated from 1
liter of seawater. A product of 665 bp, the expected size of the
amoA product, was seen, as well as smaller products. To pre-
pare enough of the 665-bp product for sequencing, the product
was gel purified and reamplified (Fig. 4b, lane 4). The ream-
plified product hybridized to the amoA probe from Nitrosomo-
nas europaea (Fig. 4c, lane 5), and the partial sequence deter-
mined for the reamplified product was identical to the
published amoA sequence (Fig. 2).

DISCUSSION

The primers designed for this study amplified amoA from
two widely divergent genera of ammonium-oxidizing bacteria,
Nitrosococcus and Nitrosomonas. It was surprising to find that
the partial sequence of the amplified product from Nitrosococ-
cus oceanus was identical to the published sequence from Ni-
trosomonas europaea. Recently, two sequences for amoA from
Nitrosolobus multiformis (accession no. U15733) and Ni-
trosospira sp. strain NpAV (accession no. U20644) have been
directly submitted to the GenBank database (13, 14). These
two sequences show a significant difference at the DNA level
from the published Nitrosomonas europaea sequence; however,
the amoA genes from these two organisms were identical.
Interestingly, the regions that our primers were designed to
target show five mismatches of 18 bases for the forward primer
compared with the Nitrosolobus and Nitrosospira sequence and
three mismatches of 18 bases for the reverse primer. It is
believed that there are two copies of amoA in ammonium
oxidizers (3, 18). It may be that if there are differences between
these copies in some species, our primers may have only am-
plified one of the copies and that the sequence reported for
Nitrosolobus and Nitrosospira species might represent the other
copy. Comparison of these amoA sequences against the Gen-
Bank and EMBL databases with the BLAST program (2) in-
dicated that they were unique, having no significant homology
to other currently reported sequences, including other mo-
nooxygenases, and confirming previous observations (3, 18,
19). Thus, while amoA might not be appropriate for examining
phylogenetic relationships, it may be a good target sequence
for specifically detecting chemolithotrophic ammonium-oxidiz-
ing bacteria from environmental samples. We are continuing to
sequence the amoA genes from Nitrosomonas europaea, Nitro-
somonas cryotolerans, and Nitrosococcus oceanus, and we have
designed additional PCR primers to test for the presence of
the Nitrosolobus-type amoA sequence in these cultures.
With our current protocol we could detect down to 1 pg of

CsCl-purified DNA, which represents the theoretical yield
from 200 cells. Perhaps continued optimization would increase
this sensitivity, but our primary interest is in the detection of
amoA-containing bacteria in seawater. With our current meth-
odology we could detect an amoA signal from 20% of the DNA
extracted from 1 liter of seawater containing 104 ammonium
oxidizers liter21 (this represents the signal from approximately
2,000 cells). The step most limiting sensitivity is probably DNA
isolation, particularly the quality of the DNA isolated from
seawater. The higher titers did not amplify, unless diluted. This
suggests that some PCR inhibitor may be copurifying with
the DNA. Preliminary evidence from other experiments (not
shown) suggests that these inhibitors may be from our artificial
seawater, not natural seawater. Optimizing DNA isolation for
Nitrosococcus oceanus, however, may not give optimal results
for amplification of the bacterial population of seawater. Fur-
ther optimization should involve increasing amoA detection
sensitivity for DNA isolated from natural waters. Still, this
procedure is at least as sensitive as the methods currently
employed, being able to detect amoA-containing cells at the
titers expected for marine waters. In addition, our assay should
be able to detect more widely divergent ammonium oxidizers
than the current immunological methods. It is unclear why
higher titers of Nitrosococcus oceanus did not amplify as well as
expected, but we are primarily interested in the lower limits. It
is unlikely that the high titers tested would be observed in
natural waters.
With our current protocol we could detect a strong ampli-

fication signal of the proper size from the native bacterial

FIG. 4. (a) Initial amplification with the AMO-F and AMO-R primers from
bacteria filtered from 1 liter of seawater collected near Fowey Rocks, Fla. Shown
is a 2% agarose gel stained with ethidium bromide and digitally photographed
under UV light with a CCD video camera, using a 3.6-s integration. Lane 1
contains phage fX174 DNA digested with HaeIII as a standard size marker.
Lane 2 was loaded with the PCR products amplified from 20% of the DNA
isolated from 1 liter of Fowey Rocks seawater. The arrow indicates the expected
size of the amoA amplification product based on the published amoA sequence
for Nitrosomonas europaea (18). Amplification controls (not shown) of DNA
extractions from filtered uninoculated seawater, a sterile filter, and a PCR mix
with no target DNA added were run on a separate gel. No amplification or
hybridization was seen for any negative control. (b) Reamplification of the
gel-purified 665-bp product from the initial amplification of DNA isolated from
the native bacterial population of Fowey Rocks seawater. Shown is a 2% agarose
gel stained with ethidium bromide and digitally photographed under UV light
with a CCD video camera, using a 0.8-s integration. Lane 3 contains phage
fX174 DNA digested with HaeIII as a standard size marker. Lane 4 was loaded
with the PCR products reamplified from the sample shown in panel a, lane 2. No
amplification was seen for a negative control sample receiving no target DNA
(not shown). (c) amoA hybridization with the PCR products of the gel-purified
and reamplified 665-bp product from Fowey Rocks seawater bacteria. Lane 5 is
the autoradiogram from a Southern blot prepared as described in the legend to
Fig. 1b of the gel shown in panel b, lane 4.
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population of 1 liter of oligotrophic seawater, in which the
titers of ammonium oxidizers are expected to be relatively low.
When the 665-bp product was gel purified and reamplified,
hybridization and partial sequencing studies verified that this
product from the native bacterial population was indeed
amoA. We have thus shown that this method could detect
amoA from the population of ammonium-oxidizing bacteria at
naturally occurring titers in seawater. It is also interesting that
among the smaller amplification products from the seawater
sample, there appeared to be a combination of the banding
patterns seen for the pure cultures, perhaps reflecting amoA
amplification of a population of different ammonium oxidizers.
Further work on this project will involve improving detection

sensitivity (modifying extraction procedures to improve the
quality of DNA isolated from seawater), continued sequencing
of amoA from a variety of cultures, and testing the specificity of
several amoA primers and probes for both of the known amoA
sequences against a wide variety of microorganisms. In addi-
tion, coamplifiable internal controls (20, 30) will be developed
for the quantitation of amoA amplification from environmen-
tal samples.
The work reported here indicates that PCR primers and

hybridization probes targeting the amoA gene should be sen-
sitive enough and general enough to detect a broad range of
bacteria containing AMO in environmental samples. Further-
more, this approach can be used to detect unidentified amoA-
containing species in natural waters without the need for iso-
lating or culturing these microorganisms.

ACKNOWLEDGMENTS

We thank Jeff Absten and Elaine Kotler for the collection of sea-
water samples used in this study. We also thank the Interdisciplinary
Center for Biological Research Computing Facility (ICBR), University
of Florida, for access to on-line genetic analysis software. BLAST
search computations were performed by using the GENINFO(R) Ex-
perimental BLAST Network Service provided by the National Center
for Biotechnology Information.
This work was supported by National Science Foundation grant

OCE-8922815 (R. D. Jones and C. D. Sinigalliano) and by NIH-
Minority Biomedical Research Support (MBRS) grant S06-GM08025
(D. N. Kuhn).

REFERENCES

1. Alexander, L. M., and R. Morris. 1991. PCR and environmental monitor-
ing—the way forward. Water Sci. Technol. 24:291–294.

2. Altschul, S. F., W. Gish, W. Miller, E. W. Lipman, and D. J. Lipman. 1990.
Basic local alignment search tool. J. Mol. Biol. 215:403–410.

3. Bergmann, D. J., and A. B. Hooper. 1994. Sequence of the gene amoB, for
the 43-kDa polypeptide of ammonia monooxygenase of Nitrosomonas euro-
paea. Biochem. Biophys. Res. Commun. 204:759–762.

4. Bock, E., H. P. Koops, and H. Harms. 1986. Cell biology of nitrifying
bacteria, p. 17–38. In J. I. Prosser (ed.), Nitrification. Spec. Publ. Soc. Gen.
Microbiol., vol. 20. IRL Press, Oxford.

5. Goreau, T. J., W. A. Kaplan, S. C. Wofsy, M. B. McElroy, F. W. Valois, and
S. W. Watson. 1980. Production of NO22 and N2O by nitrifying bacteria at
reduced concentrations of oxygen. Appl. Environ. Microbiol. 40:526–532.

6. Hiller, L., and P. Green. 1991. OSP: a computer program for choosing PCR
and DNA sequencing primers. PCR Methods Appl. 1:124–128.

7. Hooper, A. B. 1989. Biochemistry of the nitrifying lithoautotrophic bacteria,
p. 239–265. In H. G. Schlegel and B. Bowien (ed.), Autotrophic bacteria.
Science Tech Publishers, Madison, Wis.

8. Hyman, M. R., I. B. Murton, and D. J. Arp. 1988. Interaction of ammonia
monooxygenase from Nitrosomonas europaea with alkanes, alkenes, and
alkynes. Appl. Environ. Microbiol. 54:3187–3190.

9. Jones, R. D. 1991. Carbon monoxide and methane distribution and consump-
tion in the photic zone of the Sargasso Sea. Deep Sea Res. 38:625–635.

10. Jones, R. D., and M. A. Hood. 1980. The effects of temperature, pH, salinity,
and inorganic nitrogen on the rate of ammonium oxidation by nitrifiers
isolated from wetland environments. Microb. Ecol. 6:339–347.

11. Jones, R. D., and R. Y. Morita. 1983. Carbon monoxide oxidation by chemo-
lithotrophic ammonium oxidizers. Can. J. Microbiol. 29:1545–1551.

12. Jones, R. D., and R. Y. Morita. 1983. Methane oxidation by Nitrosococcus
oceanus and Nitrosomonas europaea. Appl. Environ. Microbiol. 45:401–410.

13. Jones, R. D., R. Y. Morita, H. P. Koops, and S. W. Watson. 1988. A new
marine ammonium-oxidizing bacterium, Nitrosomonas cryotolerans sp. nov.
Can. J. Microbiol. 34:1122–1128.

14. Klotz, M. G., and J. M. Norton. 1994. Nucleotide sequence of the gene
encoding ammonia monooxygenase (amoA) from Nitrosospira multiformis
(5 Nitrosolobus multiformis). Direct Genbank submission, accession no.
U15733.

15. Klotz, M. G., and J. M. Norton. 1995. Sequence of an ammonia monooxy-
genase subunit A-encoding gene from Nitrosospira sp. NpAV. Direct Gen-
bank submission, accession no. U20644.

16. Lipschultz, F., O. C. Zafiriou, S. C. Wofsy, M. B. McElroy, F. W. Valois, and
S. W. Watson. 1981. Production of NO and N2O by soil nitrifying bacteria.
Nature (London) 294:641–643.

17. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular cloning: a
laboratory manual. Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.

18. McTavish, H., J. A. Fuchs, and A. B. Hooper. 1993. Sequence of the gene
coding for ammonia monooxygenase in Nitrosomonas europaea. J. Bacteriol.
175:2436–2444.

19. McTavish, H., F. LaQuier, D. Arcier, M. Logan, G. Mundfrom, J. A. Fuchs,
and A. B. Hooper. 1993. Multiple copies of genes coding for electron trans-
port proteins in the bacterium Nitrosomonas europaea. J. Bacteriol. 175:
2445–2447.

20. Nedelman, J., P. Heagerty, and C. Lawrence. 1992. Quantitative PCR: pro-
cedure and precisions. Bull. Math. Biol. 54:477–502.

21. Nejidat, A., and A. Abeliovich. 1994. Detection of Nitrosomonas spp. by the
polymerase chain reaction. FEMS Microbiol. Lett. 120:191–194.

22. Olson, R. J. 1981. 15N tracer studies of the primary nitrite maximum. J. Mar.
Res. 39:203–226.

23. Olson, R. J. 1981. Differential photoinhibition of marine nitrifying bacteria:
a possible mechanism for the formation of the primary nitrite maximum. J.
Mar. Res. 39:227–238.

24. Paul, J. H., L. Cazares, and J. Thurmond. 1990. Amplification of the rbcL
gene from dissolved and particulate DNA from aquatic environments. Appl.
Environ. Microbiol. 56:1963–1966.

25. Picard, C., C. Ponsonnet, E. Paget, X. Nesme, and P. Simonet. 1992. Detec-
tion and enumeration of bacteria in soil by direct DNA extraction and
polymerase chain reaction. Appl. Environ. Microbiol. 58:2717–2722.

26. Seffan, R. J., and R. M. Atlas. 1988. DNA amplification to enhance detection
of genetically engineered bacteria in environmental samples. Appl. Environ.
Microbiol. 54:2185–2191.

27. Teske, A., E. Alm, J. M. Regan, S. Toze, B. E. Rittmann, and D. A. Stahl.
1994. Evolutionary relationships among ammonia- and nitrite-oxidizing bac-
teria. J. Bacteriol. 176:6623–6628.

28. Vanzella, A., M. A. Guerrero, and R. D. Jones. 1989. Effect of CO and light
on ammonium and nitrite oxidation by chemolithotrophic bacteria. Mar.
Ecol. Prog. Ser. 57:69–76.

29. Voytek, M. A., and B. B. Ward. 1995. Detection of ammonium-oxidizing
bacteria of the beta-subclass of the class Proteobacteria in aquatic samples
with the PCR. Appl. Environ. Microbiol. 61:1444–1450.

30. Wang, A. M., and D. F. Mark. 1990. Quantitative PCR, p. 70–75. In M. A.
Innis, D. H. Gelfand, J. J. Sninsky, and T. J. White (ed.), PCR protocols: a
guide to methods and applications. Academic Press, San Diego, Calif.

31. Ward, B. B. 1982. Oceanic distribution of ammonium-oxidizing bacteria
determined by immunofluorescent assay. J. Mar. Res. 40:1155–1172.

32. Ward, B. B. 1984. Combined autoradiography and immunofluorescence for
estimation of single cell activity by ammonium-oxidizing bacteria. Limnol.
Oceanogr. 29:402–410.

33. Ward, B. B. 1986. Nitrification in marine environments, p. 157–184. In J. I.
Prosser (ed.), Nitrification. Special Publ. Soc. Gen. Microbiol., vol. 20. IRL
Press, Oxford.

34. Ward, B. B., and O. C. Zafiriou. 1988. Nitrification and nitric oxide in the
oxygen minimum of the eastern tropical North Pacific. Deep Sea Res. 35:
1127–1142.

35. Watson, S. W. 1965. Characteristics of a marine nitrifying bacterium, Ni-
trosocystis oceanus sp. nov. Limnol. Oceanogr. 10(Suppl.):R274–R289.

36. Woese, C. R., W. G. Weisburg, C. M. Hahn, B. J. Paster, L. B. Zablen, B. J.
Lewis, T. J. Macke, W. Ludwig, and E. Stackebrandt. 1985. The phylogeny
of purple bacteria: the gamma subdivision. Syst. Appl. Microbiol. 6:25–33.

37. Woese, C. R., W. G. Weisburg, B. J. Paster, C. M. Hahn, R. S. Tanner, N. R.
Krieg, H. P. Koops, H. Harms, and E. Stackerbrandt. 1984. The phylogeny
of purple bacteria: the beta subdivision. Syst. Appl. Microbiol. 5:327–336.

38. Wood, P. M. 1986. Nitrification as a bacterial energy source, p. 39–62. In J. I.
Prosser (ed.), Nitrification. Special Publ. Soc. Gen. Microbiol., vol. 20. IRL
Press, Oxford.

2706 SINIGALLIANO ET AL. APPL. ENVIRON. MICROBIOL.


